Abstract-Ultrasonic vibration (UV)-assisted method, as an innovative nanomachining technology, has competitive advantages compared to traditional atomic force microscopy (AFM) nanomachining methods. However, the UV-assisted machining process by AFM is still an open loop control method for cutting depth and sample mechanical properties. Furthermore, the real-time material/interface sensing is still absent when cutting on ultra-thin film. Detection method of machining object (thin film or substrate) remains an obstacle for AFM machining. Here we introduce an ultra-thin film interface sensing and cutting method based on UV-assisted AFM to realize the material/interface detection on the process of nano-machining. This new approach for sensing and cutting ultra-thin film is validated by our experimental results conducting on ultra-thin films with different thickness at nanoscale.
INTRODUCTION
Nanomaterials especially ultra-thin films are an integral part of various nano-robots, nanodevices, biological structures, and the fabrication of nanomaterials. Nanofabrication methods, such as machining, cutting and ploughing, are critical for nanomaterial's successful manufacturing into nano-robot and nanodevices. For instance, the shapes of graphene with specific edge structure have proved effected the electrical properties of graphene by opening a bandgap [1, 2] . Similar to grahene, the properties of molybdenum disulfide (MoS 2 ) are also sensitive to the edge structures [3, 4] . For microbots, various shapes of nanomembrane can format microdrillers or microtubes with different size [5] [6] [7] . New approaches to nanofabrication, such as nanoimprinting, molding [8] , embossing [9] , edge lithography [10] , and scanning probe lithography (SPL) [11] , are low cost and much more accessible [12] . In particular, the SPL method is well suited for scientific research by providing both fabricating and imaging at the atomic scale. As one of the most important SPL techniques, atomic force microscopy (AFM) has been applied in various fields like cutting ultra-thin films of graphene [13] and MoS 2 [4] . However, direct AFM nanomachining is limited in fabrication speed and performance [14] . Ultrasonic vibration (UV)-assisted machining methods have been widely used to reduce friction and enhance the effectiveness and efficiency of machining in the conventional world [15] . Recent studies have shown that vibration at the nanoscale can also decrease the friction between the tip and the sample surface and effectively reduce tip wear [16, 17] .
However, for ultra-thin film machining application, AFM mechanical machining method still has its limitations and disadvantages. Determination of a proper set-point value is non-directly and very complicated for ultra-thin-film cutting. To determine a proper set-point value, generally, AFM image scanning is required for acquiring machining depth. Then machining depth is compared with the thickness of ultra-thinfilm to adjust set-point value in the next try of cutting until the proper set-point value is determined for cutting ultra-thin-film. When cutting an ultra-thin-film with unknown-thickness, there is still lacking a real-time interface sensing method. Blindness of cutting effect is the major obstacle restricting the appliance of AFM machining method in ultra-thin-film cutting. The uncertainties of cutting process, such as temperature drift of AFM system and inhomogeneous of film thickness, make the AFM machining process fails to maintain the machining depth just below the interface of thin-film and its substrate. Lacking a close loop control method of sensing interface and machining force, the uncertainties of cutting process cannot be overcome, and the application of AFM method in cutting ultra-thin-film is limited greatly. Hence, it is very necessary for a real-time interface sensing and cutting method for ultra-thin film based on UV-assisted AFM.
Herein, we discovered an interesting new phenomenon that the vibration phase of micro cantilever will change dramatically when tip reached the interface of ultra-thin-film in the machining process. Based on this new phenomenon, we proposed a real-time ultra-thin-film interface sensing method in the machining process. Then, the experiments are conducted by UV-assisted nanorobotic system and the results are thoroughly discussed.
II. GENERAL PRINCIPLES TO THIS METHOD AND SYSTEM IMPLEMENTATION
A. Gerneral principles The general principles of interface sensing and cutting of ultra-thin film are given as follows. As Fig. 1 shows, UVassisted AFM machining method inherently work in contact mode, i.e., the machining force between the tip and the sample is kept constant while machining. An ultrasonic frequency vibration is added to the sample by attaching a piezoceramic disc below the ultra-thin film, and the cantilever's response to this vibration is used to monitor the machining state (whether the tip cutting through the interface or not). The phase difference between cantilever's response vibration and driving signal of piezoceramic disc is detected by PSD system and high-frequency lock-in amplifier. The phase difference characterizes the absorbed energy which is related with the hardness of thin film and its substrate in the machining process. The phase will change dramatically when the tip go through the interface of ultra-thin film because the huge difference between the PS hardness and silicon. Therefore, the cantilever vibration signals in different machining condition (machining on PS thin film or on Si substrate) can be distinguished by vibration phase of micro cantilever of UV-assisted AFM.
B. System implementation and ultra-thin film preparation
According to the general principle, we built up the experimental system based on UV-assisted AFM. As Fig. 2 shows, the experimental system is consisted of commercial AFM (Veeco Inc., Santa Barbara, USA), ultrasonic vibration platform, signal access module (Veeco Inc., Santa Barbara, USA), high-frequency lock-in amplifier (Zurich Instruments AG, Switzerland) and control computer. The ultrasonic vibration platform includes piezoceramic disc and a signal generator which is integrated in high-frequency lock-in amplifier (Zurich Instruments AG, Switzerland). The ultra-thin film is glued on the piezocermic disc by phenyl salicylate (Alfa Aesar, Massachusetts, USA) for transferring the vibration wave effectively. The DDESP micro cantilever (Bruker Inc., Massachusetts, USA) is used for UV-assisted machining, and the TESP micro cantilever (Bruker Inc., Massachusetts, USA) is used for AFM imaging. 
III. EXPERIMENTAL RESULTS AND DISCCUSSION
By using the experimental system we built up, the interface real-time sensing and cutting experiments were conducted, and the experimental results were thoroughly analyzed.
A. Real-time sensing and cutting experimental results with increasing machining depth
In order to study the relationship between the response phase of cantilever and the hardness of ultra-thin film/substrate with an increasing machining depth, we conduct the real-time sensing experiments with a PS thin film of ~30nm thickness. The machining experiments were conduct on contact mode of AFM with a sample vibration, and the ultrasonic vibration was driven by a sinusoidal signal with 180 kHz, 5 V. For the sake of sensing the interface of PS thin film in the machining process, we decrease the parameters of PI control, therefore the machining depth will increase because the feedback control loop cannot follow the changes of cantilever deflection. By detecting the phase value of cantilever vibration, we obtained the real-time sensing and cutting experimental result as Fig. 3 shows. From Fig. 3 , we can see that the phase value decrease with the increase of machining depth. According to Fig. 3 (b) , the machining depths are all above the interface of PS thin film when using the setpoint value of 0.3 V, 0.4 V, 0.5 V and 0.6 V. From Fig.3 (c) , the corresponding phases of these four machining groove are decreasing slowly in the range of 2.5º. When the setpoin value increased to 0.7 V, the cantilever tip goes through the interface from PS layer to substrate layer of silicon, and there is a dramatically fall of phase value. This change of phase curve is mainly caused by the sudden variation of hardness from PS to silicon. For the last machining groove which setpoint value is 0.8 V, the machining depth is far more than the thickness of PS thin film on account of the large machining force. However, the uncertainty of the system and experiment makes the machining process very unstable. The machining depth first has increase dramatically to ~45nm, and then decrease near to 30nm. These changes are directly reflected by the phase curve. As Fig. 4 (a) shows, this phenomenon can be described by quasi static indentation theory based on energy conservation law [18] :
where U is kinetic energy absorbed by workpiece during the tip impact, H is the hardness of the machining material and V a is machining volume.
Along with the increasing of machining depth, the machining volume V a will increase in a trend similar to quadratic curve. As Fig. 4 (b) shows, the property of absorbing kinetic energy in one vibration cycle can be presented by damping coefficient c s , and the relationship can be expressed as:
where ẏ is the relative motion between cantilever tip and sample.
In the vibration system which consists of cantilever and ultra-thin film, the damping coefficient c s will decrease the response phase of cantilever. When the cantilever tip reaches the silicon layer in the machining process, the larger hardness value of silicon will makes the phase value decrease dramatically, according to the inflection point we can determine the change of machining hardness. As a consequence, the interface or the thickness of ultra-thin film can be determined by combining the phase inflection point and cross section curve.
B. Machining effect fast assessment of unknown-thickness ultra-thin-film
For laboratory work or prototype fabrication, the precise thickness of customized ultra-thin-films is usually unknown. Therefore, it is the main obstacle for AFM machining or other machining methods without interface sensing. Generally, researchers determine the thickness of ultra-thin-film with other methods first, and then conduct the machining by using the calculated parameters according to the measured thickness. However, the local thickness of laboratory customized ultrathin-film may have some slight variations. These slight variations and uncertainties of system will make the machining depth unstable, and this unstable of machining depth makes the machining results difference in the same experimental condition. For ultra-thin-films machining, this difference is the machining depth below or above the interface. Therefore, the machining effect fast assessment for unknown-thickness ultrathin-film is extremely necessary.
We conduct machining effect fast assessment experiments on two batches of customized PS thin films which have different thickness (~8nm and ~26nm) of PS layer. These two PS thin films were directly cut by UV-assisted AFM with different perforce, and then we obtain the mean phase values of cantilever response vibration for each machining grooves. The statics analysis of experimental results is presented in Fig. 6 . From the static analysis result, we can directly assess the machining results that whether the machining depths reach the interface or not, without the afterwards AFM imaging process. It greatly improves the machining efficiency. The conclusion can be drawn that the machining effect fast assessment method, which using mean phase values to assess the machining effect, is valid and feasible. 
IV. CONCLUSIONS AND FUTURE WORK
In this paper, we proposed a real-time ultra-thin-film interface sensing method in the machining process according to the new phenomenon we discovered that the vibration phase of micro cantilever will change dramatically when tip reached the interface of ultra-thin-film in the machining process. Based on the general principles of the proposed sensing and cutting method, we built up the experimental system based on UVassisted AFM system. The real-time sensing and cutting experiments with increasing machining depth are conduct and the experiments results are fully analyzed with the quasi static indentation theory based on energy conservation law. The machining effect fast assessment method is proposed and the experiments are conducted. The results show that it is valid and feasible that using mean phase values to assess the machining effect. These results mean the real-time ultra-thin-film interface sensing method has great potential application in ultra-thinfilms machining fields.
